Laboratories working with foot-and-mouth disease virus (FMDV) must maintain a high level of biocontainment. However, if infectious virus is reliably inactivated during sample processing, molecular and serological testing can be performed at a lower level of containment. In this study, three commercial lysis buffers (AL, AVL, and MagMAX CORE) were tested in two laboratories for their ability to inactivate FMDV A/IRN/8/2015 in different sample matrices (cell culture supernatant, epithelial tissue suspension and milk). Residual infectivity after the addition of lysis buffer was evaluated by inoculating susceptible cell cultures. No cytopathic effect was observed for all three lysis buffers, indicating that the buffers are capable of reducing viral infectivity (estimated range 3.1 to > 5.1 Log 10 ). These results highlight the capacity of lysis buffers to decrease FMDV infectivity; however, additional validation experiments should be conducted, particularly if different sample matrices and/or lysis buffers are used.
High-level biocontainment laboratories (e.g., SAPO4 in the United Kingdom, BSL-3-Ag in the United States or t4/S4 in Germany) play a crucial role in infectious disease research and preparedness, but given the financial and logistic challenges of their operation, these facilities are limited in number and capacity. In an outbreak situation, when sample submissions are high and turn-around times are critical, highcontainment laboratories may need assistance from other laboratories where procedures that do not require the handling of 'live' pathogens (e.g., molecular or serological assays) can be adopted. Alternatively, within a facility, limited space in high-containment might force all noninfectious pathogen work to be conducted in lower containment areas. Regardless of the situation, high-consequence pathogens in biological matrices must be reliably inactivated before removal and handling at a lower level of containment.
It is commonly assumed that the lysis buffers supplied in commercial nucleic acid extraction kits are capable of inactivating viruses present in biological samples. However, many factors can influence the effectiveness of a lysis buffer, including the virus titer, nature of sample matrix, contact time and reaction temperature, virus structure (enveloped or non-enveloped particles), and concentration/composition of the lysis buffer (denaturing agent and/or detergent, pH). Inactivation experiments have been conducted for viruses from a variety of genera, including Alphavirus, Betainfluenzavirus, Ebolavirus, Enterovirus, Flavivirus, Marburgvirus, Mastadenovirus, Orthobunyavirus, Orthopoxvirus, Phlebovirus and Simplexvirus (Blow et al., 2004; Burton et al., 2017; Colavita et al., 2017; Haddock et al., 2016; Ngo et al., 2017; Rosenstierne et al., 2016; Smither et al., 2015; Vinner and Fomsgaard, 2007) . The results of these studies varied from complete to incomplete inactivation for the virus/lysis buffer combinations tested; however, where residual infectivity was observed, this was usually eliminated after an additional inactivation step, such as heating (Ngo et al., 2017; Smither et al., 2015) or adding a detergent (Burton et al., 2017) . This variation highlights the need to perform lysis buffer validation experiments for each virus and sample matrix handled in a high-containment laboratory.
Foot-and-mouth disease (FMD) is a livestock disease of high economic consequence. The causative agent, foot-and-mouth disease virus (FMDV; family Picornaviridae, genus Aphthovirus), exists in seven distinct serotypes (O, A, C, Asia 1, Southern African Territories (SAT) 1, SAT 2 and SAT 3) (OIE, 2017), with multiple variants occurring within each serotype (Knowles and Samuel, 2003) . The disease affects domestic cloven-hooved animals (e.g., cattle, pigs, sheep and goats) and at least 70 species of wild animals in endemic regions throughout Africa, Asia and the Middle East (reviewed in Alexandersen and Mowat, 2005) . Clinical signs include vesicular lesions on the tongue, oral cavity, feet, snout and teats (in lactating cows), as well as fever and lameness (Grubman and Baxt, 2004) . Although the mortality rate is often low, FMD can have a significant impact on herds and farmers (e.g., through decreased milk production, restrictions on the sale of animals or their products), as well as nation-wide effects (e.g., costs for diagnostic testing, vaccination and control; animal import/export restrictions; decreased tourism revenue) (Knight-Jones and Rushton, 2013) . Given that FMDV is highly contagious, its introduction into a naïve population often results in a high number of clinical cases and many samples submitted for diagnostic testing. The handling of diagnostic samples containing infectious FMDV is generally limited to laboratories with high-containment facilities. However, if the virus can be inactivated, molecular and serological testing can be safely performed in regular diagnostic laboratories (EuFMD, 2013) .
This two-site study was motivated by differing FMDV inactivation results generated independently at the German National Reference Laboratory for FMD, Friedrich-Loeffler-Institut (FLI), Greifswald, Germany, and the World Reference Laboratory for FMD, The Pirbright Institute (TPI), Pirbright, United Kingdom. Given that there were substantial differences in the methods used between laboratories (e.g., different lysis buffers, virus titres and passage history, sample matrices, cell lines, etc.), clear conclusions as to the effectiveness of each lysis buffer could not be made. However, these data indicated that lysis buffer effectiveness can vary, particularly for more complex biological matrices (e.g., blood, milk, probang fluid and serum), but did not appear to be FMDV serotype-specific. Thus, the aim of this study was to evaluate the inactivation efficacy of commercial lysis buffers with FMDV using a harmonized protocol in two laboratories.
Inactivation experiments were conducted in high-containment laboratories at FLI and TPI that meet or exceed the Minimum Biorisk Management Standards for Laboratories Working with Foot-and-Mouth Disease Virus of the European Commission for the Control of Foot-and-Mouth Disease (EuFMD, 2013) . Procedures were designed to be as similar as possible between the two sites; however, there were minor differences due to local biosafety requirements and/or custom assays used in-house.
The three proprietary lysis buffers included in the inactivation experiments were AL, AVL (both from QIAGEN, Hilden, Germany) and MagMAX CORE (Thermo Fisher Scientific, Waltham, MA, USA) ( Table 1) . These lysis buffers all contain a guanidine-based denaturing agent, and were selected to encompass the reagents currently used most often for nucleic acid extraction at FLI (AL and AVL), and a new-tomarket reagent (MagMAX CORE). The MagMAX kit currently used at TPI will be discontinued in 2020 and replaced in the manufacturer's catalogue with the MagMAX CORE kit.
A survey of the 27 National Reference Laboratories for FMD in the European Union (February 2018) indicated that 16 different lysis buffers were being used for virus inactivation and downstream molecular testing ( Table 2) . The most commonly used buffer was AVL, which was used by nine laboratories (including FLI), and AL was used by one other laboratory in addition to FLI. MagMAX CORE was not in use at the time of the survey.
Experiments were conducted using LFBK-α v β 6 cells, an adherent fetal porcine kidney cell line that stably expresses bovine α v β 6 integrin (provided by L. LaRocco et al., 2013 LaRocco et al., , 2015 , and FMDV strain A/IRN/8/2015, isolated in primary bovine thyroid cells and passaged three times in LFBK-α v β 6 cells (7.4 log 10 TCID 50 / mL). This isolate was selected as a representative FMD virus that is diagnostically relevant; A/IRN/8/2015 belongs to the A/ASIA/G-VII lineage that has emerged from the Indian sub-continent in 2015 and caused outbreaks in Armenia, Iran, Israel, Saudi Arabia and Turkey (WRLFMD Genotyping Reports). The three sample matrices selected for testing were cell culture supernatant (virus isolate), bovine epithelial tissue suspension and bovine whole milk. For FMDV diagnosis, one of the preferred sample types is epithelium from an unruptured or recently ruptured vesicle, which is then homogenized in the laboratory to generate a tissue suspension (OIE, 2017) . Milk samples are relatively easy to collect and may be used for FMD surveillance (Armson et al., 2018 (Armson et al., , 2019 ; this sample type was included because it represents a complex matrix with high protein, sugar and fat content. Given the limited amount of available FMDV-positive samples for each sample type, negative tissue suspension (generated at TPI) and milk (commercial UHT milk with 3.5 % fat) were spiked with A/IRN/8/2015 (1:1 virus to sample matrix).
In order to first determine the point at which each lysis buffer was no longer toxic to LFBK-α v β 6 cells, 2-fold dilution series (neat to 1:1024 in sterile PBS) were prepared starting at the working ratio recommended by the manufacturer, but adding sterile PBS instead of sample (Table 1) . Each dilution was then added to confluent LFBK-α v β 6 cells (FLI: 0.1 mL per well of 12-well cell culture plate, 3.8 cm 2 cell surface area; and TPI: 0.2 mL per flat-sided, polystyrene cell tube, 5.5 cm 2 cell surface area) containing maintenance media (DMEM with 2 % fetal bovine serum and in-house antibiotics), incubated stationary at 37°C, and examined daily for 4 days. The lowest dilution at which each lysis buffer was no longer toxic (i.e., cells forming a visibly healthy monolayer similar to control wells or tubes) was used for post-inactivation dilutions to avoid non-specific cytotoxicity in subsequent experiments. These dilutions were as follows: AL 1:32 (TPI) or 1:64 (FLI), AVL 1:64 (FLI and TPI) and MagMAX CORE 1:128 (FLI and TPI); the difference for AL between sites is likely because the 1:32 dilution is near the limit of cytotoxicity. Lysis buffer inactivation experiments were conducted in both laboratories for all three lysis buffers with each sample matrix. In each experiment, three independent replicates of virus (isolate or spiked matrix) and lysis buffer were prepared at the recommended lysis bufferto-sample ratio (Table 1) . After incubating at room temperature for 10 min, the samples were diluted as required to eliminate lysis buffer cytotoxicity. Each replicate was then added to LFBK-α v β 6 cells containing maintenance media (FLI: 0.1 mL per well, n = 1 well; and TPI: 0.2 mL per tube, n = 3 tubes). Each experiment also included the following controls (FLI, one well per control; TPI, three tubes per control): negative cell culture (maintenance media only), lysis buffer cytotoxicity (lysis buffer only, at the previously determined dilution where the lysis buffers were not expected to be cytotoxic) and virus (virus only, at the same dilution used to eliminate cytotoxicity). All samples and controls were incubated stationary at 37°C and examined daily for CPE for 3 days. All samples, except for the negative cell culture controls at TPI, were read blind by those checking for CPE.
If CPE was observed, the sample was tested by ELISA to determine whether detectable FMDV antigen was present (Roeder and Le Blanc Smith, 1987; Ferris and Dawson, 1988 ). If no CPE was observed, the plates/tubes were frozen at -80°C before passing onto new LFBK-α v β 6 cells (FLI: 0.5 mL per well +0.5 mL maintenance media, n = 1 well; and TPI: 1 mL per tube +1 mL maintenance media, n = 3 tubes). Samples and controls were incubated stationary at 37°C and examined daily for CPE for 3 days. If no CPE was observed for all replicates in the initial and blind passage of a virus + lysis buffer sample, then the lysis buffer was considered effective for virus inactivation.
In each experiment, the negative cell culture controls and lysis buffer cytotoxicity controls were CPE-negative, and the virus controls were CPE-positive on or before day 3 of incubation (Table 3 ). The specificity of the observed CPE was confirmed by FMDV-specific antigen ELISA. All three lysis buffers were effective at reducing FMDV infectivity in each sample matrix to undetectable levels, as indicated by the lack of CPE for all virus + lysis buffer samples tested (Table 3) .
After accounting for the sample in lysis buffer and lysis buffer cytotoxicity dilutions, the minimum reductions in infectivity were estimated to be 3.1 to > 5.1 log 10 (Table 4 ). In this study, the virus selected had as high a titre as could be generated when grown in LFBK-α v β 6 cells (7.4 log 10 TCID 50 /mL) in order to challenge the lysis buffers with the highest dose possible after accounting for the sample in lysis buffer and lysis buffer cytotoxicity dilutions. Although the post-inactivation dilution reduces the sensitivity of subsequent infectivity assays, all of the virus controls developed CPE at this dilution. This indicates that the dilutions used did not compromise the sensitivity of the tests, and that more complex methods for removing cytotoxic reagents were not required, such as neutralization (Krug et al., 2011) , dialysis (Haddock et al., 2016) or centrifugation (Smither et al., 2015; Vinner and Fomsgaard, 2007) . Preliminary experiments conducted with size exclusion filters (Amicon Ultra-15, Millipore) were effective at removing the lysis buffers, but virus recovery was variable between replicates and the filters were not compatible with complex matrices (i.e., milk clogged the filter).
The results from this study show that all three lysis buffers tested were able to inactivate FMDV strain A/IRN/8/2015 in the sample matrices evaluated, at least below detection with cell culture. The methods and results presented here could be useful for other laboratories when selecting nucleic acid extraction protocols and/or conducting similar in-house validations. Although many lysis buffers contain the same active ingredients (e.g., Table 2 ), additional validation experiments may be required in the future in the event that a new lysis buffer is introduced that has a different concentration of the denaturing agent (and excipients) or recommended ratio of sample to lysis buffer. 
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Table 4
Estimated minimum reduction (log 10 ) of FMDV infectivity after accounting for the sample in lysis buffer and lysis buffer cytotoxicity dilutions. The different values obtained by the two laboratories are due to different limits of detection that were calculated based on inoculation volumes and number of replicates tested. Neither lab detected any residual infectivity for any combination of lysis buffer and sample matrix. A. Wood, et al. Journal of Virological Methods 278 (2020) 113835 
